Introduction
Auditory streaming, or the perceptual organization of a repeating tone sequence, changes over time even though the stimulus remains physically unchanged. Thus, auditory streaming is inherently a dynamic phenomenon, but its dynamics have not been fully investigated.
Only a few studies have examined the time course of auditory streaming. They showed that (1) it takes several seconds for stream segregation to occur, (2) the tendency of stream segregation increases as the stimulus presentation gets longer, and (3) the cumulative effect of auditory streaming is reduced after a pause of several seconds [1] [2] [3] . These studies, however, only analyzed the smoothed trend of auditory streaming for relatively short observation time during the initial build-up of streaming, and did not provide sufficient data on the nature of perceptual transitions per se.
In the present study, we analyzed the temporal characteristics of perceptual transitions in auditory streaming using a longer presentation of a repeated tone sequence than in previous studies. The data and the analysis provide significant clues about the dynamics of neural mechanisms producing auditory streaming.
Methods
Ten adults aged 20 to 33 years with normal hearing participated. Test sequences were 900 repetitions of a triplet pattern composed of a low-frequency tone (L) and a highfrequency tone (H) (Fig. 1 ). The frequency difference (Á f ) between L and H was approximated to the following values centered at 1 kHz:
The duration of each tone was 40 ms, including rising and falling cosine ramps of 10 ms. The stimulus onset asynchrony (SOA) of adjacent L and H tones within a triplet was 100 ms. The SOA of neighboring triplets was 400 ms.
The ten participants were instructed to listen to the test sequence without any particular listening attitude and report whether they heard a pattern of one stream (LHL-LHL-. . .) or two streams (L-L-. . . and H---H---. . .). Participants were instructed to touch the corresponding keys of a response box whenever their percept changed from ''one stream'' to ''two streams,'' or in the opposite direction. Each participant ran 10 sessions for each of the five Á f conditions in random order. Before the experiment, they performed several practice sessions. All sounds were generated digitally using MATLAB 6.5 on a computer (Apple Computer, Power Mac G5), and presented through an audio interface (M-audio, FireWire 410), an amplifier, and headphones (Sennheiser, HDA200) at 60 dB SPL. The experiment was carried in a sound-attenuated room. Each perceptual judgment and the response time when each participant made the judgment were registered using the touch-switch response box connected to the computer.
Results
In each session, we obtained a series of response times at which the percept changed from ''one stream'' to ''two streams'' or in the opposite direction. In all Á f conditions for all participants, the initial response was ''one stream,'' and it then changed to ''two streams'' within several seconds. This confirmed the cumulative effect of stream segregation reported in previous studies (e.g., [1] ). The time required for the build-up of streaming decreased as Á f increased.
As the stimulus presentation progressed further, however, participants' responses changed frequently. The autocorrelation functions of the response time series revealed no periodicity in the perceptual changes in all Á f conditions. Figure 2 shows the histograms of the duration of each perceptual state (i.e, ''one-stream'' or ''two-streams'') for each Á f condition, pooled over the ten sessions and ten participants. The durations of each of the two percepts conformed to the gamma distribution (solid line) or the lognormal distribution (dotted line). The mean number of perceptual transitions (Nt) and the mean total duration of each perceptual state (T) per session (360 s) are also shown in each panel of Fig. 2 . Nt was larger at Á f s of 1/3-1/2 octave. The T of ''one stream'' responses decreased and that of ''two streams'' responses increased as Á f increased.
Discussion
The present results have theoretical implications concern- It has been well established that the Á f between components is one of the major factors determining auditory streaming. Van Noorden [4] reported that, at the SOA of 100 ms (the same setting as in the present experiment), two streams are always perceived when Á f is larger than 1/2 octave. In the present experiment, however, the percept frequently alternated between ''one stream'' and ''two streams'' even when Á f was 1/2 or 1 octave. Therefore, auditory streaming should be thought of as a stochastic process; the proportion of intervals in which two streams are perceived increases as the Á f between components increases, but there is no fixed perceptual boundary along the Á f axis. Several theories have been proposed to explain the mechanism of auditory streaming, such as the peripheralchanneling theory [5] , the pitch-jump detector theory [2, 4] , and the accumulation-of-evidence theory [1] . None of these theories, however, can explain the nature of the perceptual transition in auditory streaming revealed in the present study. These theories should take into account the dynamics of the neural mechanisms involved in auditory streaming.
In vision, the temporal characteristics of perceptual transition have been examined using ambiguous visual patterns or binocular rivalry [6, 7] . It has been shown that the time intervals between perceptual changes in vision conforms to the gamma distribution, as was the case for the auditory streaming in the present study. If perceptual transitions occur following a similar probability distribution in vision and audition, it would imply common neural mechanisms for perceptual transitions in both modalities. More detailed analyses of perceptual transitions are necessary in order to reveal the dynamics of neural mechanisms involved in auditory streaming.
